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Structural basis for the control of translation initiation

during stress

Antén Vila-Sanjurjo!~3, Barbara-S Schuwirth!=3, Cathy W Hau!>? & Jamie H D Cate!>2

During environmental stress, organisms limit protein synthesis by storing inactive ribosomes that are rapidly reactivated when
conditions improve. Here we present structural and biochemical data showing that protein Y, an Escherichia coli stress protein,
fills the tRNA- and mRNA-binding channel of the small ribosomal subunit to stabilize intact ribosomes. Protein Y inhibits
translation initiation during cold shock but not at normal temperatures. Furthermore, protein Y competes with conserved
translation initiation factors that, in bacteria, are required for ribosomal subunit dissociation. The mechanism used by protein Y
to reduce translation initiation during stress and quickly release ribosomes for renewed translation initiation may therefore occur

widely in nature.

All organisms contain stress response systems that allow them to sur-
vive rapidly changing environmental conditions. In Escherichia coli the
stress response protein Yfia, or protein Y (PY), binds to 70S ribosomes
(monosomes) during cold shock or in early stationary phase and is
quickly released once normal growth conditions are restored"2. PY
consists of an N-terminal globular domain of 90 amino acids that
adopts a BapBRa topology and a flexible C-terminal tail®*. PY stabi-
lizes monosomes against dissociation in vitro®, and has been proposed
to affect translation elongation-®. However, its functional role in stress
response remains unclear-°.

The ribosome plays a central role in adaptation to environmental
stress as a checkpoint for sensing shifts in temperature” and nutrient
levels®®. Ribosomes in all organisms are composed of a small and a
large subunit (30S and 50S, respectively, in bacteria) that cycle
through stages of association and dissociation during protein syn-
thesis. PY may function as a translational inhibitor during stress by
disrupting this cycle through its stabilization of 70S ribosomes>. To
determine the role of PY interactions with the ribosome, we exam-
ined the structural and biochemical basis for PY function in the
stress response. Here we show that PY blocks the peptidyl-tRNA site

Figure 1 Structural model of protein Y binding to the ribosome as determined by X-ray crystallography. (a) Location of PY density in the 70S ribosome. The
30S subunit is gold, the 50S subunit is light blue, positive difference electron density is blue, negative density is red, and PY is cyan. Helix 69 of 23S rRNA
is marked with an asterisk. (b) PY density in the 30S subunit as seen from the perspective of the subunit interface, indicated by the arrow in a. The density
occurs between the platform (P) and the head (H) of the 30S subunit. The A, P and E sites, and the body (B) of the small subunit are marked. (c) Details of
the docking of the N-terminal core of PY (PDB entry 1L4S3) into the difference electron density. The position of the disordered C-terminal tail is indicated.

The view is from the perspective of the arrow in b.
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(P site) and aminoacyl-tRNA site (A site) of the ribosome and
inhibits translation initiation during cold shock but not under nor-
mal growth conditions.

RESULTS

Structure determination

To determine the structural basis for PY stabilization of ribosomes
against dissociation into 30S and 50S subunits, we determined the
X-ray crystal structure of PY bound to the E. coli 70S ribosome. PY
was soaked into a new crystal form of the E. coli 70S ribosome grown
under conditions previously described!?. Diffraction data were
measured to 11.4 A and 11.0 A from crystals of 70S ribosomes and
70S ribosomes in a complex with PY, respectively (Table 1). The unit
cell of the new crystal form is related to the previous form by a
five-fold increase in the length of the c-axis. On the basis of this rela-
tionship, the structure was solved by molecular replacement in
which five ribosomes from the small unit cell crystal packing!® were
used as the search model. Crystallographic refinement was carried
out as described!? (Table 1).

Position of PY within the ribosome

The X-ray crystal structure reveals that PY binds to the 30S subunit
in the 70S ribosome. Difference electron density maps contain fea-
tures resembling the shape of PY>* near the subunit interface and
tRNA-binding sites of all five ribosomes in the crystallographic
asymmetric unit (Fig. 1). The position of PY supports previous
results showing that PY binds to isolated 30S subunits and 70S ribo-
somes but not to 50S subunits®. The only region of the large subunit
in close proximity to PY is helix 69 in 23S rRNA, which is (110 A from
the difference density (Figs. 1a and 2a). Helix 69 plays an essential
role both in the association of the two ribosomal subunits and in the

Figure 3 Chemical probing of the ribosome in the presence of PY.

(a) Kethoxal probing of 16S rRNA in the region of nucleotide 926 (P site).
(b) Dimethyl sulfate (DMS) probing of the 16S rRNA in the region of
nucleotide 1400 (P site). (c) DMS probing of the 16S rRNA in the region of
nucleotides 1492-1493 (A site). (d) DMS probing of the 23S rRNA in the
region of nucleotide 2394 (E site). Sequencing lanes are marked by A, C, G
or U. Samples are as indicated above each panel.

Figure 2 Details of the PY-binding site within the ribosome. (a) Stereo view of
the location of critical 16S rRNA residues G926, C1400, C1402 and A1493
(green) relative to PY. Helix 69 (H69) of 23S rRNA is blue. Conserved
residues within PY are magenta3. (b) Overlap of PY with A- and P-site tRNAs.
A-, P- and E-site tRNAs are cyan, green and gray, respectively. The positions
of the 30S and 50S subunits, the path of mMRNA, and the location of the
C-terminal tail of PY are indicated. (c) Overlap of the difference electron
density corresponding to PY with mRNA (red). The positive density, E-, A-
and P-site tRNAs are color-coded as above. The negative density is not shown
for clarity. The 5" and 3' ends of the mRNA are marked.

transmission of conformational signals between the subunits during
elongation! 12, However, the structure suggests that PY stabilizes the
70S ribosome without making direct contacts with helix 69 or the
large subunit. In agreement with this idea, chemical probing of the
large subunit of the ribosome with dimethyl sulfate (DMS) and
kethoxal did not reveal any altered reactivity of RNA residues in helix
69 due to the binding of PY (data not shown). Protein Y may there-
fore stabilize a state of the 30S subunit with high affinity for the 50S
subunit, thereby preventing subunit dissociation.

Comparison of PY-, tRNA- and mRNA-binding sites

The difference electron density shows that PY binds across the channel
in the 30S subunit where tRNAs and mRNA interact during protein
synthesis (Fig. 1b and 2). When superimposed with the positions of
tRNAs and mRNA bound to the ribosome in other structures! 13, PY
substantially overlaps the binding sites of both A- and P-site tRNAs but
not that of E-site tRNA (Fig. 2b). Notably, the conserved positively
charged surface in PY? lies in close proximity to rRNA residues that are
universally conserved markers for the A and P sites'%!> and that are
critical for ribosome function (Fig. 2a)'41©17. PY residues Lys86,
Lys79 and Arg82 approach the bases of universally conserved residues
G926 and C1400 in the P site, and C1402 within a universally con-
served wobble pair!”, respectively. PY residues Arg22, Lys25 and Lys28
are near to the backbone of residues that span the P and A sites.
Although the present resolution is not sufficient to show that these
interactions occur, this possibility is strengthened by results of chemi-
cal probing showing that PY binding reduces chemical modification of
P-site residues C1400 and G926 (Fig. 3a,b) and causes enhanced reac-
tivity of A-site residue A1493 (Fig. 3¢c)!*1>. Enhanced reactivity of
A1493 can be explained by the fact that PY binds near the backbone of
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residues 1495-1497 of 16S rRNA and not near the adenine base of
A1493 (Fig. 2a). Also supporting the structural model, tRNA binds to
the E site in the presence of PY, as revealed by the protection of C2394
of 23S rRNA (Fig. 3d)".

In the structure, the elongated domain of PY only slightly overlaps
the position that mRNA would occupy when base-paired with tRNA
(Fig. 2¢). Protection of G926 from chemical probing by the binding of
P-site tRNA occurs through contacts to mRNA and not to the
tRNA!L18, Notably, in the absence of mRNA, the 3’ end of 16S
rRNA—a critical element of translation initiation in bacteria!*—folds
back into the mRNA channel of the small subunit!>!8. Although we
cannot determine at the present resolution whether a direct contact
between PY and G926 exists, protection of G926 might occur indi-
rectly through the 3" end of 16S rRNA when no mRNA is present
(Fig. 3a).

The effect of PY on tRNA binding

PY has been proposed to inhibit protein synthesis during elongation
by preventing the binding of A-site tRNA!. The structural results
above as well as chemical probing experiments support the idea that
PY blocks A-site tRNA binding. PY prevents tRNA binding to the A
site, as demonstrated by the lack of tRNA-induced protection of A-site
residue A1492 and enhancement of A-site residue A1493 (Fig. 3c)!>.
However, the above data revealing that PY completely occupies the P
site on the 30S subunit suggest that PY primarily functions by prevent-
ing P-site tRNA binding, and only indirectly prevents A-site tRNA
binding. In filter binding experiments, PY blocks mRNA-dependent
P-site tRNA binding in the presence of either a leaderless mRNA
(Fig. 4a) or an mRNA containing a canonical Shine-Dalgarno (SD)
sequence (Fig. 4b). Notably, inhibition of P-site tRNA binding by PY
in the presence of the SD-containing mRNA is substantially more effi-
cient at 16 °C than at 37 °C (Fig. 4b), consistent with a role for PY dur-
ing cold shock.

The effect of PY on translation initiation

Translational arrest during cold shock has been proposed to occur pri-
marily through an arrest of the initiation of protein synthesis?’.
Translation initiation in bacteria requires the binding of fMet-
tRNAMet to the ribosomal P site in an initiation factor (IF)-dependent
reaction?!. The arrest of translation initiation during cold shock is

Figure 5 Inhibition of translation initiation by PY. (a) Binding of [3®S]Met-
labeled fMet-tRNAMet to ribosomes at 37 °C in the absence and presence of
PY (-PY and +PY, respectively). Black, IFs were present in reactions (+IF);
white, no IFs were present in the reactions (-IF). Average values of four
independent experiments with s.d. are shown. (b) Reactions were carried
outasinabutat 16 °C.
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Figure 4 Inhibition of P-site tRNA binding by PY. (a) Binding of tRNAfMet
to ribosomes programmed with a leaderless mRNA in the presence or
absence of PY at 37 °C. The leaderless mRNA was labeled on its 5’ end
with [33P]phosphate to follow binding, because leaderless mRNA does
not bind to ribosomes in the absence of P-site tRNA (data not shown).
(b) Experiments were done as in a but with an mRNA containing a Shine-
Dalgarno sequence. Experiments were carried out at 37 °C or at 16 °C.
Average values of three independent experiments with s.d. are shown.
tRNAMet was labeled with [33PIphosphate on its 5’ end to follow binding.

probably not caused by the cold in itself, as none of the initiation steps,
apart from the melting of secondary structures in some mRNAs, is
blocked at low temperatures in vitro®°. The position of PY within the
ribosomal P site and its ability to prevent P-site tRNA binding suggest
that PY may inhibit translation initiation directly, accounting for the
observed blocking of initiation at low temperatures. In filter-binding
assays, PY competed with the binding of fMet-tRNA™Met to the riboso-
mal P site in the absence of IFs (Fig. 5). However when IFs were pre-
sent, 70S ribosomes preincubated with PY efficiently bound
fMet-tRNA™Met at 37 °C (Fig. 5a), indicating that PY does not block
initiation under optimal temperature conditions. Notably, PY consid-
erably impaired IF-dependent binding of fMet-tRNA™Met to ribosomes
at 16 °C (Fig. 5b), consistent with the idea that PY directly arrests ini-
tiation during cold shock.

The effect of PY on IF-dependent ribosome dissociation

The above results, together with the fact that translation initiation
generally requires the dissociation of the ribosome into the small and
large ribosomal subunits, imply that prebound PY would have to be
displaced from the P site of the ribosome for initiation to occur. In
bacteria, initiation factor 3 (IF3) prevents the 30S subunit from associ-
ating with the 508 subunit in early steps of initiation. Because IF3 and
PY have opposite effects on ribosome association®?!, we tested
whether IF3 could override PY stabilization of 70S ribosomes.
Incubation of 70S ribosomes with PY blocked ribosome dissociation
by IF3 (Fig. 6a). In the absence of polyamines, IF3 and IF1 worked in
tandem to override PY function and dissociate the 70S ribosome
(Fig. 6b). From the available structural information, it is unclear
whether the binding position of PY overlaps with that for IF3%223,
However, comparison of the structure of IF1 bound to the 30S sub-
unit>* with the position of PY in the ribosome shows steric overlap
between these two proteins (Fig. 6¢). This overlap suggests that IF1
directly competes with PY for binding to the 30S subunit.
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DISCUSSION a Ligands
The results described here provide the first
mechanistic view of how E. coli controls

None

translation during cold shock. Shortly after
cells sense a drop in temperature, the cells
enter a period of adaptation to the cold in

which translation is arrested by a block in ini- iz(;j/]'\ F3
tiation for all but a subset of [26 cold shock A
proteins that includes PY”2%%, During cold \J‘{ IF1
adaptation, PY binds to the ribosomal P site IF3
and effectively blocks most initiation owing
to relatively weaker interactions between the
ribosome and one or more of the IFs (Figs. 5 | PY
and 6) and possibly mRNA (Fig. 4)%. Cis- \J:
acting elements in cold shock mRNAs or cold '
shock proteins such as cspA?> may override
PY inhibition of translation to specifically IF3
allow expression of cold shock proteins. By PY
blocking the translation of all but cold shock \_;J:L
proteins during adaptation, the cell diverts all '
translation factors to the synthesis of cold
shock proteins, thus ensuring its survival in e
the cold?®. After cold adaptation, additional | PY
ribosomes enter the translating pool?® and :

70S

protein synthesis resumes at a much slower
rate, as does cell growth?’. Increased synthesis
of IFs during cold shock?® may help eject PY
from some of the inactive monosomes after adaptation. However, a
substantial number of ribosomes remain as 70S monosomes?’ stabi-
lized by PY". When the optimal growth temperature is restored, PY
no longer competes with IFs and quickly dissociates from the ribo-
some during translation initiation (Figs. 5 and 6).

During stress, monosome stabilization by PY? serves to protect sev-
eral conserved elements in the ribosome from degradation: the inter-
face between the ribosomal subunits, key residues lining the A and P
sites in the small subunit, and possibly the 3’ end of 16S rRNA. Several
lines of evidence suggest that proteins like PY may exist in a large vari-

Table 1 Diffraction statistics for the E. coli 70S ribosome crystals

None

IF3
IF1
IF3
Figure 6 Ribosomal subunit association and
dissociation. (a) Sucrose gradient profiles of 70S
PY ribosomes in buffer containing polyamines. In
" gradients containing primarily 70S ribosomes,
' the small peak is from 50S subunit contamination
of the 70S ribosome preparation. (b) Sucrose
IF3 gradients of 70S ribosomes in buffer without
\ PY polyamines. (c) Structural comparison of the
. binding site for IF1 with that for PY. IF1 is red.
. The penultimate stem of 16S rRNA is gold and the
' positive electron density for PY is blue. Residues
" A1493 and C1400, marked with an asterisk, and
v py the positions of the A and P sites are shown for

reference.

70S

ety of organisms. First, organisms as diverse as bacteria, yeast and
mammals form pools of idle monosomes as a general strategy to reg-
ulate the translational capacity of the cell during environmental
stress!2%27-30 or limited growth?!. Second, PY binds to a functionally
and structurally conserved region of the ribosome, where it competes
with tRNA and highly conserved initiation factors IF1 and IF3. IF1 is
universally conserved in structure and function?**2, and IF3 is func-
tionally analogous to eukaryotic initiation factor 1 (eIF1)33. Third, a
chloroplast homolog of PY has been shown to bind to the small sub-
unit in chloroplast and E. coli monosomes®*3°, suggesting that it also
interacts with conserved components of the
ribosome. Fourth, in cyanobacteria a
homolog of PY is expressed only in the dark,

when most protein synthesis is turned off in

Apo 70S 70S-PY complex
] these bacteria3®, indicating that this protein
Data collection may act similarly to PY. Proteins with the
Space group 1422 1422 function of PY may therefore occur widely in
Cell dimensions .
. nature and serve as rheostats that rapidly
a, b, c(A) 687.9, 687.9, 1933.3 685.8, 685.8, 1928.8 . .
© 9. 90. 90 90, 90. 90 tune the level of translation to match envi-
o B y . o e ronmental conditions.
Resolution (A)? 500-11.35 (11.8-11.57) 500-10.98 (11.22-10.98)
Reym OF Rimerge™® 18.1 (46.2) 18.9 (47.7)
1/ 0P 7.4 (2.0) 9.2(2.1) METHODS o
Completeness (%) 93.9 (77.9) 94.2 (75.6) X-ray crys_tané’grapcll‘y' l;sofg’er_l’;h’“ coli MREG0O
streptomycin-dependent 70S ribosomes were puri-
Redundancy? 6.1(2.6) 5.5(3.4)
J fied as described!’. Protein Y with a C-terminal
) His-tag was purified by standard nickel-chelate
Refinementd . .

L chromatography and dialyzed into storage buffer
Resolution (3) 500-11.5 (20 mM Tris-HCl, pH 7.5, 6 mM MgCl,, 60 mM
No. reflections, Ryon./ Riree® 62,383/6,283 NH,CI, 4 mM 2-mercaptoethanol, 0.5 mM EDTA)
Ruork ! Riree 39.5740.1 containing 10% (v/v) glycerol and stored at —80 °C.
No. atoms 714,210 The His-tagged version of PY was soaked into a new

aValues in parentheses are for the highest-resolution shell. ®For the apo 70S structure, three crystals were used for data
measurement. For the 70S-PY complex, two crystals were used for data measurement. The mean crystal mosaicity for all
crystals was 0.3°. “Three data measurement passes were used: a high-resolution sweep followed by two low-resolution sweeps.
Thus the Rpege values in the low-resolution ranges and the overall Ry e value of the data are inflated. dRefinement involved

rigid-body motions only. €Amplitudes with o > 0.

crystal form of the E. coli 70S ribosome grown
under conditions described!®. X-ray diffraction
were measured at the Advanced Light Source and
reduced as described!®¥. Because the unit cell of
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the new crystal form is related to the previous unit cell by a five-fold increase in
the length of the c-axis, the structure was solved by molecular replacement in
which five ribosomes from the small unit cell crystal packing!? were used as the
search model. The initial molecular replacement model was then refined
against structure factor amplitudes measured from crystals of the apo ribosome
using rigid body refinement in CNS*. An F_ - F, difference electron density
map, calculated using observed structure factor amplitudes and structure fac-
tor phases from the molecular replacement model (Table 1), was improved by
performing real space averaging with RAVE®. A truncated model of PY (PDB
entry 141S%) lacking the flexible C-terminal tail was docked into the averaged
density both manually and with ESSENS*’ with an almost identical outcome.
tRNAs and mRNA from the 5.5-A structure of the 70S ribosome from Thermus
thermophilus (PDB entry 1GIX'!), and IF1 in complex with the 30S subunit
(PDB entry 1HR0?*), were superimposed with the structural model of the 70S
ribosome-PY complex using O%. Figures were created with PyMOL/NUCCYL
(DeLano Scientific) and RNAVIEW*!,

Chemical probing. 70S ribosomes (1 UM) were incubated with 4 UM PY or the
same volume of PY storage buffer (20 mM Tris, pH 7.5, 6 mM MgCl,, 60 mM
NH,CI, 4 mM 2-mercaptoethanol, 0.5 mM EDTA) for 15 min at 37 °C, fol-
lowed by a second incubation in the absence (lanes 1-3) or presence (lanes 4
and 5) of 30 ug mI™! poly(U) mRNA and 7 pM tRNAFPe in 100 pl of probing
buffer (25 mM MgCl,, 125 mM NH,Cl, 80 mM HEPES, pH 7.2) for 15 min at
37 °C. Chemical probing and gel electrophoresis were done as described .

Filter binding. Reactions with mRNA containing a Shine-Dalgarno sequence
(5'-GUUAACUUUAGU-AGGAGGUAUCAUAUGUUCAAAAAAAAA-3') were
carried out in buffer A containing 50 mM Tris-HCI, pH 7.5, 70 mM NH,CI,
30 mM KCl, 7 mM MgCl, and 1 mM DTT. 70S ribosomes (1 uM) were first
incubated with or without 3 UM of PY for 15 min. tRNAMet (3 M) labeled on
its 5' end with 33P-phosphate and mRNA containing the Shine-Dalgarno
sequence in the ribosome-binding site were added to a final reaction volume of
40 pl and incubated for an additional 15 min. After quenching with 110 pl of
reaction buffer, reactions were applied to nitrocellulose filters (Millipore
0.45 pM HA) and washed twice with 1 ml of reaction buffer. Reactions were car-
ried out at either 16 °C or 37 °C. Reactions with leaderless mRNA (5'-
PAUGUUC-AAACGUAAUAAU-3') were carried out in buffer containing
20 mM Tris-HCI, pH 7.5, 60 mM NH,Cl, 24 mM MgCl, and 5 mM B-mercap-
toethanol. 70S ribosomes (1.9 UM) were incubated with or without 5.7 UM PY at
37 °C for 15 min. The resulting mixtures were then diluted to a final ribosome
concentration of 0.25 UM in 10-Wl reactions containing 1.5 UM 3*P-labeled lead-
erless mRNA and 1.5 UM deacylated tRNAMet in the same buffer and incubated
for a further 15 min. Reactions were quenched with 300 pl of reaction buffer,
applied to nitrocellulose filters as described above, and washed twice with 1 ml of
reaction buffer.

Initiation assays. Bulk tRNA enriched in tRNAMet (1504 of the total tRNA) was
used to label the initiator tRNA with [3°S]Met as described*2. All reactions were
carried out in the presence of polyamines (polymix buffer: 5 mM K-phosphate,
pH 7.3, 5 mM Mg(CH;COO),, 5 mM NH,CI, 95 mM KCl, 0.5 mM CaCl,,
8 mM putrescine, I mM spermidine and 1 mM dithioerythritol*?) as described
in the legend to Figure 5. 70S ribosomes (1.0 pM) were first incubated with
4 UM PY for 15 min in polymix buffer, followed by the addition of 1.5 UM each
of IF1, TF2 and IF3, 3 UM mRNA, 1 mM GTP and 14 pg of [3°S]Met-labeled
bulk tRNA in a final reaction volume of 40 pl. After a second incubation of
30 min, reactions were quenched with 110 pl of reaction buffer and filtered as
described above. Reactions were carried out at either 16 °C or 37 °C.

Separation of ribosomes and ribosomal subunits. 70S ribosomes (1 {M) were
first incubated with 3 uM IF3 for 15 min at 37 °C in buffer containing
polyamines (20 mM Tris-HCI, pH 7.5, 6 mM MgCl,, 60 mM NH,Cl, 4 mM
2-mercaptoethanol, 0.5 mM EDTA, 2 mM spermidine and 0.05 mM spermine)
or lacking polyamines (50 mM Tris-HCI, pH 7.5, 70 mM NH,CI, 30 mM KClI,
7 mM MgCl, and 1 mM DTT). This was followed by a second incubation with
4 UM PY for 15 min at 37 °C in a final volume of 75 pl. Reactions were layered
on 15-40% (w/w) sucrose gradients containing reaction buffer and run for 3 h
at 281,000¢ in a Beckmann SW-41 rotor. Experiments with IF3 and IF1 were
carried out as above, with the first incubation step containing 3 UM each of IF3
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and IF1. The ribosomal subunit composition of each peak in the sucrose gradi-
ent was verified by agarose gel electrophoresis (data not shown).

Coordinates. The coordinates and structure factors have been deposited in the
Protein Data Bank (accession codes: protein Y-bound 30S, IVOQ, IVOS, IVOV,
IVOX and IVOZ; 50S, IVOR, IVOU, IVOW, IVOY and IVPO).
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